Abstract. The long-term effects of prazosin and losartan administration on blood pressure, trophicity of the heart and carotid arteries, and responses of the cardiovascular system to acetylcholine, were studied in Wistar rats and spontaneously hypertensive rats (SHRs). Four-week-old rats were treated with prazosin (10 mg/kg b.w./day in tap water) or losartan (20 mg/kg b.w./day in tap water) for 5-6 weeks. BP was measured by plethysmographic method. Ten animals of each group were subjected to in vivo studies and subsequent to morphological investigations. The right jugular vein was cannulated for administration of acetylcholine (0.1, 1, and 10 µg). After perfusion with a glutaraldehyde fixative (120 mmHg), the carotid arteries were embedded in Durcupan ACM, and the inner diameter (ID), wall thickness (WT) (tunica intima and media), cross sectional area (CSA) (tunica intima and media), and WT/ID ratio were calculated. In Wistar rats and SHRs, prazosin and losartan administration produced a decrease in the blood pressure and trophicity of the heart. In Wistar rats, both drugs decreased the WT, CSA, and the WT/ID ratio. In addition, these drugs increased the circumferential stress of the artery without affecting the ID. In contrast, in the SHRs, only losartan administration produced these effects. Importantly, both the drugs improved the responses to acetylcholine in SHRs.
Introduction
Spontaneously hypertensive rats (SHRs) are frequently used as animal models to document the functional and structural alterations in the cardiovascular system that are induced by hypertension. In the first few weeks after birth, there is a rapid increase in the blood pressure (BP) in SHRs and normotensive Wistar rats. However, a majority of the experiments, including those described in the original study by Okamoto and Aoki (1963) have reported that until approximately 4 weeks after birth, there is no difference in BP between SHRs and age-matched Wistar rats. However, from the 4 th to 9 th postnatal week, the increase in BP in addition to hypertrophy of the heart and arterial wall progresses more rapidly in SHRs compared to Wistar rats. Further, during the 9 th postnatal week, there is already a significant increase in BP and hypertrophy of the heart and arterial walls of the conduit and resistant arteries. In the later periods, these alterations continue to progress; however, the dynamics of these changes is slower (Cebova and Kristek 2011) . Since the increase in BP and structural alterations in the cardiovascular system begin approximately during the same ontogenetic period, the literature findings do not consistently define which of these effects provides the signal to trigger subsequent pathological changes (Gray 1984; Clubb et al. 1987; Head 1989; Cebova and Kristek 2011) . Nevertheless, it appears that the rapid increase in BP is the most important risk factor, which triggers the functional and structural alterations that are observed in cardiovascular diseases. When the alterations are induced early during ontogeny, it can have important consequences, which could persist till adulthood. Experimental studies have shown that preventing these pathological alterations is more effective when the intervention is initiated before the changes are fully developed and stabilized.
Several regulatory systems are involved in maintaining the optimal functions of the cardiovascular system. Among the most important systems are the sympathetic nervous system (SNS) and the renin-angiotensin system (RAS). Both of these systems are tightly linked, and therefore, any imbalance between them has a serious impact on BP and the function and structure of the heart and vascular wall, which results in an inadequate supply of the blood to the individual organs. Modulation of sympathetic activity by angiotensin II (ang II) (at the pre-and postsynaptic level) and complete suppression of the facilitatory role of ang II on noradrenaline release after chronic treatment with losartan further substantiates the close relationship between these two systems (Ruiz-Gayo et al. 2000) . The arteries in SHRs receive a greater density of sympathetic innervations compared to blood vessels in normotensive strains (Ruiz-Gayo et al. 2000) . The SNS plays a crucial role in the pathogenesis of hypertension because, in addition to increasing the resting sympathetic tone, it induces cardiovascular hypertrophy (Adams et al. 1989) . The majority of the effects of SNS on the cardiovascular system are mediated via the alfa1 adrenoceptors. The RAS exerts potent vasoconstrictor effects via ang II, and it is directly involved in the vascular (Griendling and Alexander 1995) and cardiac (Crawford et al. 1994) remodeling that are observed in response to chronic and acute hypertension. The majority of the ang II effects in the cardiovascular system are mediated via the AT1 receptors.
The aim of this study is to characterize the influence of prazosin (α1 antagonist) and losartan (AT1 receptor antagonist) on the cardiovascular system of Wistar rats and SHRs during the phase when the increases in BP are further accelerated. These influences appear to coincide with the period during which there is cardiac and vascular hypertrophy. Interference with the key points of the regulatory systems, particularly early during ontogeny, provides a good opportunity to prevent the development of pathological alterations.
Materials and Methods
During the experiments, the animals were housed at room temperature (22-24°C) with a 12 h light/dark cycle and fed with a regular pellet diet. All of the procedures were performed in accordance with the guidelines indicated in the 'Guide for the Use of Laboratory Animals' (Ethics Committee for Experimental Work, Slovak Academy of Sciences, 1995) .
Four-week-old Wistar rats were used in this study. The animals were divided into six groups of 10 animals each: 1) Wistar rats; 2) prazosin-treated Wistar rats; 3) losartantreated Wistar rats; 4) SHRs; 5) prazosin-treated SHRs; and 6) losartan-treated SHRs. Prazosin (10 mg/kg b.w./day) and losartan (20 mg/kg b.w./day) were dissolved in drinking water and were administered by gavage. The experiment lasted for 5-6 weeks. The BP was measured noninvasively by using the plethysmographic method on the tail artery in pre-warmed animals from each of the groups every week.
After 5-6 weeks of treatment, the animals from each group were subjected to in vivo investigation and were subsequently utilized for morphological examination.
In vivo study
The animals were anesthetized using ketamine (0.25 ml/ 100 g b.w.) and xylazine (0.1 ml/100 g b.w.) (Zentiva, Czech Republic), which were administered i.p. The right jugular vein was cannulated for administering the respective drugs. Heparin (25 i.u.) was injected into the jugular vein immediately after preparation. The right carotid artery was cannulated and connected to a pressure transducer. Mean arterial pressure was recorded with a Physioscript Schwarzer. After stabilization (approximately 10 min), acetylcholine (Zentiva, Czech Republic) was administered via the jugular vein (at doses 0.1, 1 and 10 µg). The drugs were administered in a random order. Individual stimuli were applied in 10-15 min intervals after the BP returned to the basal level and remained stable.
Morphological analysis
After the in vivo functional analysis, the animals were sacrificed by anesthetic overdose. Their chest was opened, and the cardiovascular system was perfused with a fixative (300 mmol/l glutaraldehyde in 100 mmol/l phosphate buffer) at a constant pressure of 120 mmHg for 10 min via a cannula placed in the left ventricle. After the perfusion was performed, the heart was excised and weighed. The middle section of the carotid artery was excised, cleaned, and divided into three segments (approximately 1 mm long) and were embedded in Durcupan ACM. Two randomly selected pieces of the artery were cut perpendicular to the longitudinal axis, and the inner circumference and arterial wall thickness (tunica intima and tunica media) were measured using light microscopy. The inner diameter and cross sectional area (including the tunica intima and tunica media) were calculated (for details see Kristek 2000) .
The data obtained are expressed as the mean ± S.E.M. The statistical significance was assessed by using ANOVA and Bonferroni test for unpaired variables. Results were considered to be statistically significant when p < 0.05.
Results

General cardiovascular parameters
At the beginning of the experiment, the BP did not differ significantly between the groups. However, from the 4 th week after-birth, the BP in the SHR group increased rapidly and was significantly increased in comparison to the Wistar rat group during and after the 5 th week. The administration of prazosin and losartan to the Wistar rats and SHRs produced a slight, albeit significant, slowing of this BP increase. At the end of the experiment, there was an increase in the BP of the SHR group compared to the Wistar group (Fig. 1) .
There was no difference in the heart weight (HW) (after perfusion of the whole body with fixative) between the Wistar rats and the SHRs. Administration of prazosin and losartan significantly decreased the HW in the Wistar rats and SHRs. Due to the lower body weight of the SHRs, the ratio of heart weight/body weight (HW/BW) in the SHRs was increased in comparison to the Wistar rats. Administration of prazosin and losartan resulted in a pronounced decrease in the HW/BW ratio in the Wistar rats and the SHRs (Fig. 2) . 
Geometry of the carotid artery
The wall thickness (WT) of the carotid artery was increased in the SHRs compared to the Wistar rats. The treatment of the Wistar rats with prazosin and losartan produced a decrease in the WT. In the SHRs, a decrease in the WT was observed only in response to losartan administration (Fig. 3A) .
Ratio WT/ID of the carotid artery was increased in the SHRs compared to the Wistar rats. Administration of both drugs decreased the WT/ID ratio in all of the groups, except for the prazosin-treated SHR group (Fig. 3D) .
The circumferential tension of the carotid artery in the Wistar rats and the SHR did not significantly differ. After the administration of both drugs to the Wistar rats, the circumferential tension of the carotid artery was increased. A similar increase was observed in the losartan-treated SHRs compared to the untreated SHRs. In contrast, the administration of prazosin to the SHRs did not change the value of the circumferential tension of the carotid artery (Fig. 4) . The cross-sectional area (CSA) of the carotid artery of the SHRs was increased in comparison to the normotensive Wistar rats. The administration of prazosin and losartan to the Wistar rats elicited a significant decrease in the arterial wall mass, whereas in the SHRs, these effects were noted only with losartan administration. In the prazosin-treated SHRs, there was no effect on the CSA (Fig. 3B) .
Inner diameter (ID) of the carotid artery did not differ between the Wistar rats and the SHRs. No effect on the ID was observed in the Wistar rats and the SHRs after prazosin administration; however, there was a mild, yet significant, increase in the ID after losartan administration in the Wistar rats and the SHRs (Fig. 3C) . 
Integrated responses
Acute i.v. application of increasing doses of acetylcholine (0.1, 1 and 10 µg) induced similar integrated responses in the cardiovascular system in the SHRs and the Wistar rats. In the groups of Wistar rats treated with prazosin and losartan, acetylcholine did not induce significant changes in BP decrease, except at the highest dose (10 µg) in the prazosin group. Administration of individual doses of acetylcholine to the SHRs treated with prazosin and losartan, significantly improved the acetylcholine-induced decrease in the systemic BP (Fig. 5) .
Discussion
During the 4 th week after birth (when the experiments were started), the BP did not differ significantly between the Wistar rats and the SHRs. From the 4 th week to the 9 th week of age, the BP values continued to increase in both groups; however, the increase was more rapid in the SHRs. During the 5 th week after birth, BP was already significantly increased and at the end of the experiment, it was increased by approximately 37%. This BP increase was accompanied by hypertrophy of the heart and arterial wall. Hypertrophy of the heart (as indicated by the HW/BW ratio) during hypertension is an adaptive cardiac response to mechanical overload. The thickening of arterial media reflects the adaptation of the arterial smooth muscle cells to increased BP (primarily systolic), although humoral factors may also be involved (Owens 1995) . Our data are in good agreement with the results of several experiments that document that early ontogeny represents the most active period, during which pathological alterations in the cardiovascular system of SHRs occur.
The long-term administration of prazosin and losartan to the SHRs produced a decrease in the BP and trophicity of the heart. Both of these effects are supposed to be beneficial outcomes of drug treatments on the cardiovascular system during hypertension. Nevertheless, the drugs were unable to prevent the increase in the BP completely, and at the end of the experiments, the BP was still significantly increased in the SHRs compared to the Wistar rats. In contrast to the BP trends, both of these drugs completely prevented the hypertrophy of the heart in the SHRs (HW/BW did not differ from that observed in the Wistar rats). The question remains whether BP lowering is a necessary condition for this regression. There are several lines of evidence that suggest that there is a positive correlation between BP and trophicity of the heart and arterial wall, although there also exist data that question this hypothesis. Griffin et al. (1991) reported that infusion of subpressor doses of ang II leads to an increase in the thickness of the arterial media and ratio of media to lumen in the resistant arteries. Further, the discrepancy between BP and trophicity of the arterial wall has also been observed in 4-week-old Wistar rats that were progenies of NO-deficient parents, where hypertension was accompanied with hypotrophy of the heart and arterial wall (Kristek and Gerova 2004) . In addition, BPindependent decrease in cardiac hypertrophy was observed after long-term administration of exogenous NO donors and/or sildenafil to SHRs (Kristek et al. 2007 ). The relative independence between BP and trophicity of the heart and arterial wall is supported by experiments that demonstrated that long-term control of BP with atenolol did not reverse the hypertrophic process observed in essential hypertension (Schiffrin et al. 1994) . A more pronounced effect of prazosin and losartan on cardiac trophicity compared to BP raises the question whether imbalance between trophicity and BP is a real beneficial effect. It should be stressed that the decreased mass of the myocardium has to surmount relatively higher peripheral resistance, which could later lead to cardiac insufficiency.
The administration of prazosin and losartan to Wistar rats produced a decrease in WT, CSA, and WT/ID ratio with a small effect on ID. In SHRs, the administration of losartan had an effect on the arterial wall that was similar to that observed in Wistar rats; however, there was no effect of prazosin administration on the arterial wall. Similar effect of losartan treatment has been observed by Sabri et al. (1997) . In ang II-induced hypertensive rats, losartan elicited a decrease in the media thickness of aorta and coronary artery. On the other hand, long-term administration of losartan to young SHRs produced a decrease in BP and increase in the ID, without affecting arterial wall hypertrophy, of mesenteric resistant vessels (Rizzoni et al. 1998) . According to Laplace's law, a mutual relation between BP, ID and arterial WT determines the circumferential stress in arterial walls. Interrelationship among these parameters guarantees an appropriate adaptive mechanism in the arteries to respond to altered conditions. Due to this, the circumferential stress is similar in the arteries of SHRs and normotensive Wistar rats (Cunha et al. 1997; Kristek et al. 2007 ). The greater antiproliferative effects of prazosin (in Wistar rats) and losartan (in Wistar rats and SHRs) on the arterial wall in contrast to their antihypertensive effect disturbs the delicate balance between the BP, ID and WT. This disturbance results in an increase in the circumferential stress, which influences the functional parameters of the vascular tree. Thubrikar and Roubicsek (1995) showed that a decrease in circumferential stress leads to a decrease in the pathological changes in the arterial wall, and an increase circumferential stress could trigger the opposite effects. In addition, increased circumferential stress in the coronary artery was observed after losartan administration in SHRs (Koprdova et al. 2009 ).
In young SHRs, the activity of ang II and the SNS is increased compared to normotensive rats (Head 1989) . Experiments have demonstrated that the effect of alfa adrenoceptor inhibition is time dependent. When the alfa1 adrenoceptor antagonist, terazosin, was administered to SHRs during their 3 rd postnatal week, it prevented the increase in BP when the SHRs became adults (McCarty et al. 1987) . When administration of the same drug was delayed till the 4 th postnatal week, the increase in BP was not affected (Jonsson et al. 1992) . In comparison with the experiment described by McCarty et al. (1987) , the lower decrease in BP observed in our experiment after prazosin administration could be associated with the time that the administration was initiated (4 th week). A more pronounced effect, i.e., normalization of peripheral resistance and prevention of cardiac hypertrophy, can be achieved when inhibition of α1 adrenoceptors using prazosin is accompanied by sympathectomy (Korner et al. 1993) .
The higher effect of losartan compared to prazosin on hypertrophy of the heart and arterial wall supports the suggestion that ang II is a strong proliferative agent that is directly involved in the development of cardiovascular hypertrophy (Griendling and Alexander, 1995) . In comparison with our data, a more pronounced effect of losartan administration was observed by Soltis et al. (1993) and Kaneko et al. (1996) when they used a higher dose of losartan (30 mg/kg/day) and a different mode of application (subcutaneous).
We observed similar effects of losartan administration on the heart and arterial wall of Wistar rats compared to SHRs. In contrast to our results, Sabri et al. (1997) did not observe any effect on the BP and HW/BW ratio in normotensive Wistar rats after losartan administration. Moreover, they found hypertrophy of the aorta and coronary artery wall. They used the same dose of losartan (10 mg/kg/day), which was administered by daily gavage. Our experiments started when the animals were 4 weeks old (weighed approximately 250 g), and it lasted for 6 weeks. In the experiment of Sabri et al. (1997) , the animals weighed 300 g (the age of the animals was not mentioned), and the duration of the experiment was 3 weeks. Considering the weight of the rats, we hypothesize that those animals were older than ours. Furthermore, we speculate that this variability could be due to a different type of artery than the one we used in our experiments. However, these hypotheses can only partially explain the differences between our results.
In the Wistar rats and the SHRs, acetylcholine (at all doses used) induced similar responses with regards to systemic BP. This result could be associated with satisfactory NO production by the endothelium in the SHRs. The suggestion is supported with our previous experiment in which a longterm increase in the NO level due to the administration of NO donors did not influence the BP and geometry of the conduit arteries (Kristek et al. 2003) . Nevertheless, there is no consensus in the literature as to whether in SHRs, NO level and acetylcholine-induced relaxation is increased or decreased in comparison with Wistar rats. In the Wistar rats in the present study, acetylcholine-induced a decrease in the BP only after the highest dose of acetylcholine was administered to the prazosin treated rats (the absolute values were increased in all doses of acetylcholine; however, they were not significant). In the SHRs, the acetylcholine treatment induced a significant decrease in the systemic BP in the prazosin and losartan groups. Further, relaxation in response to acetylcholine was observed by Schiffrin et al. (1994) using pressurized precontracted mesenteric arteries isolated from losartan-treated SHRs. They suggested that the improvement might be due to the lowering of BP. AT1 receptor subtypes are present in the endothelium of arteries, and their inhibition could result in the improvement of endothelial functions. Schiffrin et al. (1994) supposed that the improvement could additionally result from the action on AT2 receptors, which are not blocked by losartan. In SHRs, increases in oxidative stress have been described after alfa1 adrenoceptor stimulation (Bleeke et al. 2004) . Superoxides decrease the availability of NO from eNOS. Reduction of superoxide concentration lowers the BP in SHRs (Vaziri et al. 2000) . Prazosin decreases NAD(P)Hdependent production of superoxide radicals induced by cocaine (Isabelle et al., 2005) . Ang II, via AT1 receptors, appears to be responsible for the activation of NAD(P)H oxidase (main contributor to oxidative stress in the vessel wall) in SHRs (Welch and Wilcox 2001; Zalba et al. 2001) . We suggest that inhibition of alfa1 and AT1 receptors improves the bioavailability of NO and could be responsible for the higher responses of the cardiovascular system to acetylcholine administration. Improvement in acetylcholine-induced BP decrease in SHRs treated with prazosin and/or losartan is in accordance with in vitro experiments. In those experiments, significant improvement in the concentration-response curves for relaxation induced by acetylcholine in aortic rings from SHRs was observed by Soltis (1993) and Torok et al. (2005 Torok et al. ( , 2006 .
In conclusion, the BP of 4-week-old SHRs did not differ from age-matched Wistar rats. In the SHRs, the BP rapidly increased from the 5 th to the 9 th postnatal week. Long-term administration of prazosin and losartan partially prevented the elevation in BP and improved the trophicity of the heart in both normotensive Wistar rats and SHRs. Losartan and prazosin decreased trophicity of the arterial wall in Wistar rats while in SHR losartan only. Both drugs significantly improved the acetylcholine-induced decrease in the BP in the SHRs; however, this effect was not observed in the Wistar rats.
